. Introduction
The design optimization process of composite structures is classically accelerated by using numerical approach. Finite element analysis (FEA) is extensively elaborated thanks to its ability to precisely simulate particular damage of laminated composites i.e. fiber failure, matrix cracking and delamination. To date, material law regarding fracture mechanics seems to be a reasonable damage model in FEA since it can provide accurate damage results [1] [2] [3] [4] [5] . With this approach, fracture energies are required as input parameters for the model. However, these properties can be difficult to determine. Besides, standardized tests have not been established yet [1, [6] [7] [8] [9] . For standard damage phenomena, such as delamination between plies of a composite laminate plate, the experimental tests are well defined: the DCB (Double Cantilever Beam) test is currently carried out to evaluate fracture toughness in opening failure mode and ENF (End Notched Flexure) is often used to evaluate fracture toughness in shear mode [8] [9] [10] . The problem is more difficult for complex damage phenomena, such as compressive fiber failure, for which the crack induces a lot of secondary damage types. Indeed the failure mode of compressive fiber failure in laminated composites [6, 7, 11, 12] is known as a very complex mode, occurring as a result of local buckling of fibers and leading to the kinking process (Fig. 1) .
Currently, no standard tests are available to determine the fracture toughness of this phenomenon and the compact compression (CC) test is currently used. Fig. 1c shows a micrographic observation done by Gutkin et al. [12] showing clearly the phenomenon of kink band at the crack tip followed by a phenomenon of crushing. Then to evaluate the fracture toughness of this crack, it is necessary to separate these two phenomena -kink band and crushing. For this purpose, a local approach is needed. This observation is confirmed by Pinho et al. [6] who showed that the zone concerned by the damage in compression is very large, unlike in the case of tension (Fig. 2) . The authors conclude ''for kink-band formation, propagation values cannot be obtained directly from a stress intensity factor approach because the contact stresses in the faces of the kink cannot be easily accounted for; the area method also failed to produce meaningful results due to kink band broadening and delamination'' [6] . Then, local approach is needed to evaluate dissipated energy by compressive fiber failure and the infrared thermography technique may be an answer to this problem.
In this paper, infrared thermography has been used to follow compressive failure mode developed during an indentation test and a compression after impact test, and to evaluate the fracture toughness of compressive fiber failure. From the past 20 years, infrared thermography has been widely used to study the dissipative phenomena in materials, such as plasticity in metals [13, 14] or damage in polymers [15] . Using the framework of irreversible thermodynamics, Chrysochoos et al. [16] have presented a methodology to estimate the internal heat sources associated with the dissipative phenomenon from temperature measurement on the sample surface. They show that an estimation of the heat sources makes it possible to locate the damage in time and space and to evaluate the dissipated thermal energy. Nevertheless, the study of dissipated thermal energy by infrared thermography is quite recent in composite materials and is essentially applied to fatigue loading. For example, Naderi et al. [17] used infrared thermography to characterize damage stage evolution by calculating the dissipated heat during fatigue loading of thin woven laminates. They show it is possible to characterize the three characteristic stages of fatigue damage of a woven glass/epoxy using IRT and they compare this technique with acoustic emission. The results of the two non-intrusive techniques show similar response revealing the existence of three degradation stages [17] . Nevertheless, applying crack tip contour integral analysis [18] , Freund and Hutchinson [19] and Soumahoro [20] have shown that the fracture toughness is linked to dissipative work. In addition, since the early work of Taylor and Quinney [21] , it is well known that dissipative work is mainly converted into heat in metallic [22] and polymeric materials [23] . For example, Kapoor and Nemat-Nasser [22] show the infrared measurement yields more than 70% conversion of work to heat for Taork is mainly converted into heat in metallic [since the early work of Ta. Then for this case, the ratio of dissipative work converted into heat should be close to 100%. For polymeric materials, the problem is more complex. Li and Lambros [23] studied a polymethyl methacrylate (PMMA) and a polycarbonate (PC) at different strain rates (10
). For PC the ratio of dissipative work converted into heat is between 100% for low strain and 50% for high strain and for PMMA, the brittle nature of the material does not permit to define the ratio.
Hence, in this study we propose to link the fracture toughness to the experimental heat sources [24] . In this way, the fracture toughness can be computed even for experiments where the stiffness variation remains small and for which the standard techniques, such as area or compliance methods, are not relevant. Indeed the main drawback of the standard techniques is to sum the dissipated energy of all the damage types of the sample and as a result to overestimate the value of the fracture toughness. For example for an ENF test, the area method adds the dissipated energy due to propagation of the crack in mode II but also the dissipated energy due to the crushing of the beam under the boundary conditions.
The fiber compressive failure is usually considered as a complex failure mode [6, 7, 11, 12] . Furthermore, the critical energy release rate in compression, G Ic comp (generally referred to mode I intralaminar fracture) is even more complex. Different approaches have been proposed in the literature to determine this value. For [6] and corresponding ultrasonic observations (b) [6] .
example, Pinho et al. [6] [25] . In another way, an infrared thermography technique is being developed in our laboratory ICA by Lisle et al. [24] to define this value. This technique was successfully used to measure intralaminar transverse weft cracking of thin woven laminates. As a result of this work, it is a challenge to use this methodology to UD laminates. Thus, the present work is aimed to use the methodology related to infrared thermography developed in [24] to measure G Ic comp from applications and material of [25] .
Experimental tests
Indeed, the first step to evaluate G Ic comp is to choose the appropriate test. The test should promote compressive fiber failure as pure and stable as possible. In fact it is almost impossible to exhibit only compressive fiber failure because it is a very complex failure mode which is followed by secondary failure modes such as delamination or matrix cracking [6, 7, 11, 12] . Moreover the stacking sequence has much effect on the failure mode. In fact it could be interesting to use pure unidirectional laminate to isolate the compressive fiber failure mode, but it is uncertain the failure mode is similar to the one developing in a multidirectional laminated composite. Then in this study two applications with a multidirectional laminated composite have been chosen to be representative of a real composite structure. The first application deals with an impact test and the second application deals with a compression after impact test. Both tests are operated at room temperature (%293 K). An infrared camera (FLIR SC700 MW) is used to monitor the thermal response during the tests. The infrared camera has a maximum resolution of 320 Â 256 pixels and a thermal resolution of 0.025 K for relative temperature measurement. The spatial resolution (pixel size) determined by the focal distance is set at 0.16 mm (maximum magnification of the lens). In order to avoid thermal perturbation from the external environment, the specimens are enclosed both in a black painted box covered with a black opaque fabric outside. Thermal images were recorded at a frequency of 50 Hz. This frequency is high enough to obtain a good description of the studied phenomenon and to avoid an excessively large recorded file. Indeed even if the studied phenomenon is very fast, such as unstable crack growth, the temperature conduction is a relatively low phenomenon, of course depending on the material conductivity. In this case, the conduction phenomenon typically lasts one second ( Fig. 9a and 10a ) and a frequency of 50 Hz is quite sufficient to observe it.
The first application deals with a compressive fiber crack on the surface of a [90 2 ,0 2 ,À45 2 ,45 2 ] s laminate during an impact test [25] (Fig. 3a) . Due to the shorter edge boundary conditions in the 90°d irection, during the global bending of the plate, the outermost 90°-plies are subjected to higher compressive stresses than the inner plies. As a result, compressive fiber failure cracks are generated in the upper layers. In fact, a static indentation test was carried out instead of impact test; because we need a long test to observe damage by using infrared thermography camera. The second test application is compression after impact (CAI) (Fig. 3b) . Failure of the outermost 0°-plies of a [0 2 ,45 2 ,90 2 ,À45 2 ] s laminate, directly subjected to compressive loading, is investigated. Then, the critical energy release rate is measured based on an evaluation of the heat dissipation on the observed compressive cracks. The material used in this study is a T700GC/M21 carbon/epoxy UD prepreg with 0.25 mm-ply thickness ( cracks of 90°-plies on the upper surface near indenter point are observed; meanwhile an infrared camera records the temperature on the expected zone of the crack appearance (Fig. 4a) . The specimen is subjected to out-of-plane load until approximately 5 mm (for a total energy of 25 J). As can be seen on the force-displacement curve in Fig. 4a , during loading the response is not linear due to internal damage. Matrix cracking and delamination commonly occur prior to fiber failure [25] . The damage near the surface can be detected by an infrared thermography camera, in particular the double-ply fiber compressive failure, as the post-mortem micrograph shows in Fig. 5a . This fiber compressive failure arises from 3.5 mm-displacement and gradually continues to propagate until the end of loading state.
The second test application is CAI (Fig. 3b) [26] . Failure of the outermost 0°-plies of [0 2 ,45 2 ,90 2 ,À45 2 ] s laminates, directly subjected to compressive loading, is investigated. Then, the critical energy release rate is measured based on an evaluation of the heat dissipation around the observed compressive cracks. Prior to the CAI test, the plate composite laminate has been damaged by static loading in the center of the specimen at 27.3 J-total energy [26] . Consequently, this specimen is placed inside CAI fixture and is subjected to in-plane compressive load at a displacement rate of 0.6 mm/min. LVDT sensors measure the imposed displacement and the plate deflection. Thanks to the configuration of 0°-plies on the exterior, compressive failure can be easily observed. Since the CAI final failure is generally induced from the indented point, an infrared camera captures the temperature variation on the zone near this point (Fig. 4b) .
During the CAI test, the force vs. displacement plot is relatively linear until the collapse of the specimen or final failure. The infrared thermography camera detects that the damage initiation occurs just before the final failure. It is not clear that the damage shown at points 1-5 in Fig. 4b is caused by the collapse of the plate due to bending or due to the only propagation of fiber cracks. However, this damage is proved to be a compressive fiber failure, as shown by the kink bands in Fig. 5b . Thus, we assumed that the heat detected by the infrared camera is caused by this fiber compressive failure. Note that Fig. 5b shows the micrograph of fiber failure mixed to other failure modes i.e. matrix cracking and delamination but it was taken after the final failure occurred.
Compressive fiber failure toughness using IRT
The concept of determining the critical energy release rate by using infrared thermography technique is based on thermo-mechanical background. The full details can be found in [24] . The principle of IRT is to use heat diffusion equation to evaluate the intrinsic dissipation of the damaged material. Indeed IRT makes possible to evaluate the left term of heat diffusion equation using spatial and temporal data of the film and thus the right term with the intrinsic dissipation:
where q is the mass density, C the specific heat capacity, h = T À T 0 the temperature variation between the current state and the initial equilibrium state T 0 , k xx (k yy , k zz ) the conductivity in x (y, z) direction, / int the intrinsic dissipation and s the the thermo-mechanical coupling. In the right term of the heat diffusion equation, we assume that the thermo-mechanical coupling is neglected compared to intrinsic dissipation s the ( / int ð Þ [17, 20, 24] . Moreover the irreversible dissipation / irrev , which is necessary to evaluate the fracture toughness, can be separated into two parts, the intrinsic dissipation / int evaluated using IRT and the stored energy / stored :
Practically the stored energy is very difficult to evaluate and the Taylor-Quinney coefficient [21] is needed. This coefficient denotes the ratio of energy dissipated as heat, the intrinsic dissipation, to irreversible energy:
More precisely, the Taylor-Quinney coefficient is defined as the ratio of the integrals over time and space of the intrinsic dissipation dW diss and of the irreversible energy dW irrev , where t A (t A+dA ) denotes the time during which the crack area is A (A + dA) and X fis a volume containing the crack (Fig. 6) [20] . The TaylorQuinney coefficient is included between 0 and 1, and is equal to 1 if all the dissipated energy is converted into heat. Then if this coefficient is known, it is possible to evaluate the fracture toughness G Ic using the dissipated energy evaluated with IRT:
Then the IRT allows a localized measure of the fracture toughness but it is necessary to know b which depends on damage mechanisms. In the literature, this parameter may vary from 50% and 100% [17, 21, 24] , thus an accurate estimation of energy release rates associated with crack propagation is probably uncertain and this is a debated issue for determining the value of G Ic by this approach.
In this work, since the tested laminate has different plies orientation, fiber failure may damage certain plies but not throughout the thickness of the laminate. Since the temperature field is not constant through the thickness of the laminate, the 2D heat diffusion problem is not reliable to solve it [15, 16] . Thus, only the heat source of the compressive fiber failure cracks on the surface is considered. A 3D thermal analysis is used and the heat source, assumed to be uniform through the damage plies, can be written as ( Fig. 7a ):
where x hs represents the total volume heat source (x hs ¼ / int þ s the þ r ext % / int ), x max the maximum value of heat source, x 0 and y 0 the space positions associated with the global coordinate x-y, and t 0 denotes the temporal position of the crack. r x , r y and r t are, respectively, the constants of length, width and temporal distribution which can be found in [24] . They are the optimized parameters due to ill-posed problem of temperature field evolution [15, 16, 24] . The term Hðz À z 0 Þ À Hðz À z 1 Þ ½ is the rectangular function corresponding to the crack thickness. Then, the temperature variation h can be solved by 3D inverse heat diffusion problem:
From microscopic observations (Fig. 7b) , we assume that the temperature is uniform through the crack thickness (the double damaged plies near the surface) and the heat source is only due to fiber compressive failure of the double-ply whereas the heat source due to matrix cracks and delamination underneath is neglected.
For numerical calculation, the solution of thermal problem is computed by using finite difference method. A small step time 
Dt = 5Á10
À4 s is chosen in order to ensure the convergence of results and to be close to experimental conditions, the in-plane spatial discretization parameters are chosen equal to the camera resolution: Dx = Dy = 0.16 mm. The theoretical heat sources are determined on three different zones of each test, as shown in Fig. 9a for the static indentation test and Fig. 10a for CAI test. According to the proposed methodology [24] , the optimization parameters (r x , r y , r t ) are identified by trial-and-error method in order to correlate with the experimental temperature variation h exp , both in space and time (Fig. 8 ).
An example of experimental-numerical correlation of static indentation test (zone 3) is presented in Fig. 9 . Zone 3 is presented but similar results are obtained for zones 1 and 2. Fig. 9d shows the evolution of average temperature cooling as a function of time. At temperature peak, a comparison of the temperature variation field of the crack between the experiment and the theoretical calculation is shown respectively in Fig. 9b and c. The evolution of temperature along X-X and Y-Y axes are presented respectively in Fig. 9e and f. As can be seen, Fig. 9b and show a good correlation between experimental results and theoretical calculation after the selection of optimized parameters.
Another example of CAI test (zone 3), after the process of parameter optimization, is also presented: Fig. 10b and f shows a good agreement between experimental and theoretical results even if an uncorrelated experimental cooling is found in Fig. 10d . Indeed, the instability of the evolution of experimental temperature is clearly caused by a combination of other failure modes (delamination and matrix cracking) occurring during the crack propagation (Fig. 10b) ; thus precise numerical cooling cannot be obtained. Thanks to a good agreement on other factors i.e. evolution of temperature along X-X and Y-Y axes, we still rely on the chosen optimized parameters ( Table 2) . The above results confirm that the heat sources due to plies compressive failure are well assumed by the theoretical approach for both static indentation test and CAI test, and the use of the proposed thermography methodology is applicable for UD plies. We performed it on six studied zones from two different test applications. Table 2 presents the selected optimization parameters for all cases. Of course due to the experiments orientation, the crack propagation is in the y-direction for the indentation test (Fig. 9 ) and in the x-direction for the CAI test (Fig. 10) . Then r x (r y ) denotes the crack width for the indentation (CAI) test. This value is particularly interesting to consider because it denotes the zone where the energy is dissipated due to the damage crack. In fact this zone may be the size of the kink band plus the size of the damaged zone following this kink band. This damaged zone can be due to matrix pseudoplasticity, matrix cracks or matrix/fiber debonding. Particular values of r y and r x for CAI test in zone 1 should be noticed. Here the crack is caused by the specimen's collapse at final failure which does not gradually propagate like in other zones but instantaneously (one camera picture). Consequently, the parameter optimization process leads to a unique heat source with a 16.5 mm length equal to the width of the zone crossed by the crack. The high value for the source width (r y = 0.248 mm) can be induced both by the use of this unique long source and by the presence of other failure modes as mentioned above. But except for this case, the value of the crack width is relatively constant and is approximatively equal to 0.06 ± 0.02 mm. It is difficult to compare this value with the micrographs of the kink bands (Fig. 5 ) because they should be degraded by the crack growth, the crushing and the final failure. But this value is coherent with the observations reported in [11, 12] where kink band crack width is in a range of 50-100 lm.
Afterward, an estimation of the critical energy release rate G Ic comp can be computed following Eq. (4) and (5):
where DA denotes the crack surface determined using thermography data. Indeed the heating of the crack tip permits to follow the crack growth during the test. Finally, the heat source x hs is obtained thanks to the maximum value of heat source x max from the experiment and the optimization parameters previously defined.
Results
As mentioned before, a sensitive issue is still the ratio of the energy dissipated as heat to the irreversible mechanical energy (b). For metallic materials, some studies exist in the literature. For example, Kapoor and Nemat-Nasser [22] show b is close to 1 for a Ta-2.5% W. Bhalla et al. [31] measured values of b between 0.5 and 1 depending on the strain (Fig. 11a) for an annealed 302 stainless steel. With the same material, Zehnder at al. [32] studied crack in a 0.8 mm plate for stable tearing growth. They show that quantitative imaging of the crack tip temperature field using IRT can be used to resolve crack tip energy flux and to measure the energy release rate (Fig. 11b) .
However, for the carbon/epoxy material used in this study no values are available in the literature. In addition, the value of this ratio is both strain and strain-rate sensitive [23, 24, 30] . Li and Lambros [23] measured, for a PC material, ratio of dissipative work converted into heat between 100% for low strain and 50% for high strain.
With regard to values of b in the literature for polymer materials, two cases were studied. In the first case, half of the mechanical energy is dissipated as heat: b = 0.5 and in the second case, the thermal dissipated energy represents 90% of the total work: b = 0.9. In the future, additional works will be necessary to compare the measure of fracture toughness using IRT with standard methods (DCB, ENF, etc.) in order to evaluate the b coefficient and to test the reliability of this method. Nevertheless it is difficult in the present case of compressive fiber failure to compare the IRT with standard techniques, because no standard test is available for this failure.
Finally, the critical energy release rate fiber G Ic comp can be computed with the two b values of 0.5 and 0.9 ( Table 1 ). The obtained average values for static indentation test are 32.6 N/mm and 58.7 N/mm for b = 0.9 and 0.5, respectively. And the obtained average values for CAI test are 42.5 N/mm and 76.6 N/mm for b = 0.9 and 0.5, respectively. In fact, the true fracture toughness value should be closer to the higher value, because b should be closer to 0.9 than to 0.5. Indeed the phenomenon of compressive fiber failure is rather a brittle phenomenon with a lot of matrix cracks, fiber/resin debonding and fiber failures. These results show the fracture toughness of compressive fiber failure for static indentation test is lower than CAI. The stability of the crack growth for the static indentation, contrary to the unstable crack growth for the CAI, could explain this result. Indeed a crack growth could induce less secondary damage, such as delamination or matrix cracking, and thus induces less dissipated energy. Of course this explanation should be confirmed and considered with caution. Another explanation could be the variation of the b coefficient. Indeed its value could be different depending on stable or unstable crack growth and thus it is 
(d) (e) (f) Fig. 9 . Evaluation of crack propagation by thermography approach from static indentation test: (a) three selected zones on experimental temperature field; (b) experimental temperature variation of crack in zone 3 at temperature peak; (c) theoretical temperature variation of crack in zone 3 at temperature peak; (d) evolution of average temperature cooling in function of time; (e) evolution of temperature along X-X axis at temperature peak; and (f) evolution of temperature along Y-Y axis at temperature peak.
difficult to conclude if the higher value for CAI test is true or only due to the IRT. In spite of the difficulties to estimate the b coefficient, this measured fracture toughness of compressive fiber failure is also relatively consistent with those found in a previous work with the same material (T700GC/M21 carbon/epoxy) [25] of 40 N/mm using a FE analysis of impact damage. This value is also relatively consistent with the literature with similar materials. For example, Pinho et al. [6] evaluated the fiber G Ic comp of T300/913 carbon-epoxy laminates to 79.9 N/mm and Soutis and Curtis [7] the fiber G Ic comp of T800/924C carbon-epoxy laminates to 34-39 N/mm. Of course, it is difficult to compare these values of fracture toughness together because the carbon fibers and the epoxy resin are different.
Unfortunately it is difficult to find fracture toughness of compressive fiber failure in the literature for carbon/epoxy material and, as far as we know, there is no existing value for T700GC/M21.
Conclusion
IRT is a very interesting technique to evaluate the fracture toughness in composite materials easily and locally. The main advantages of this technique are:
IRT is a local technique which makes possible the evaluation of the dissipated energy not taking the secondary damage types into account, such as secondary cracks in the sample or crushing under the boundary conditions. At temp. peak (d) (e) (f) Fig. 10 . Evaluation of crack propagation by thermography approach from CAI test: (a) three selected zones on experimental temperature field; (b) experimental temperature variation of crack in zone 3 at temperature peak; (c) theoretical temperature variation of crack in zone 3 at temperature peak; (d) evolution of average temperature cooling in function of time; (e) evolution of temperature along X-X axis at temperature peak; and (f) evolution of temperature along Y-Y axis at temperature peak. The fracture toughness can be computed even for experiments where the stiffness variation remains small and for which the standard techniques, such as area or compliance methods, are not relevant. IRT allows to obtain energy and space information at the same time. The energy information makes possible to evaluate the energy dissipated by the crack. The space information makes possible not only to evaluate the crack length but also as a function of time and space to evaluate the localization and the type of damage, in particular the size of the damaged zone following the main crack.
But the main drawback of the IRT is the knowledge of the Taylor-Quinney coefficient. Indeed this coefficient which denotes the ratio of energy dissipated as heat, the intrinsic dissipation, to irreversible energy, depends on the damage type. Thus an accurate estimation of energy release rates associated with crack propagation is probably uncertain and this is a debated issue for determining the value of fracture toughness by this approach.
In this study, damage of compressive fiber failure in unidirectional composite laminate has been chosen for its difficulty to evaluate toughness. The infrared thermography has been used to follow compressive failure mode developing during an indentation test and a compression after impact test, and to evaluate the fracture toughness of compressive fiber failure. The average values of G Ic comp , for static indentation test and CAI test are respectively 32.6 N/mm and 42.5 N/mm. These obtained results are a good match with the value found in a previous work [25] (40 N/mm) based on a FE analysis of impact damage and are coherent with the literature [6, 7] .
